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In stellar helium burning, 16O represents the endpoint of the helium-burning sequence due to the low rate
of 16O(α,γ )20Ne. We present a new direct measurement of the total capture reaction rate of 16O(α,γ )20Ne
at Ec.m. = 2.26 MeV employing the DRAGON recoil separator. For the first time, the total S factor and its
contributing direct capture transitions could be determined in one experiment.
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The first reaction of the stellar helium-burning stage is the
triple-α process, which produces 12C. After the production of
12C, other α-cluster nuclei can, in principle, be produced. At
typical helium-burning temperatures of 1–3 × 108 K (effective
energy for helium-burning reactions, Ec.m. ≈ 0.3 MeV), their
production is, however, hindered by the increasing Coulomb
barriers [1]. Thus, two of the main end products of steady-state
helium burning are 12C and 16O, with their ratio determined in
part by the 16O(α,γ )20Ne rate. This ratio also determines the
abundances of the products of later carbon burning, mainly
20Ne, 23Na, 23,24Mg, and 28Si, compared to the products of
oxygen burning, like aluminium [1].
The reason for the low 16O(α,γ )20Ne rate at helium-burning
temperatures is the absence of an excited state in 20Ne in the
relevant energy region (see Fig. 1); the 2− state is of unnatural
parity and therefore cannot be populated by this reaction.
At stellar energies, the reaction will thus only proceed via
nonresonant direct capture (DC), either into the ground state
or through the first excited state at 1.6 MeV.
Several studies of the 16O(α,γ )20Ne DC have been
conducted, both theoretically and experimentally. Langanke
[2] calculated the 16O(α,γ )20Ne DC cross section using
a semimicroscopic OCM (orthogonality condition model)
calculation. In the energy range Ec.m. ≈ 0.4–2 MeV they
predicted the S factor to be approximately linear in en-
ergy, SDC = 1.88 MeV b + 1.05 b · E, or SDC = 4.3 MeV b
at Ec.m. = 2.3 MeV. Hahn et al. [3] measured the reaction in
inverse kinematics with an 16O beam on a windowless gas
target, choosing energies sufficiently far from resonances in
20Ne for DC to dominate. They measured the S factor for
capture to the ground state as S0 = 0.26 ± 0.07 MeV b for
Ec.m. = 1.7–2.35 MeV and calculated upper limits for the total
nonresonant S factor of SDC = 2.8 MeV b at Ec.m. = 2.3 MeV.
For the astrophysically interesting energy Ec.m. ≈ 300 keV,
the total S factor is estimated using theoretical predictions
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for the branching ratios and energy dependence. The result
is SDC = 0.7 ± 0.3 MeV b. Commenting on Ref. [3], Baye
and Descouvemont [4] state that the calculated S factor is
probably too low. They suggest the results obtained in Ref. [3]
at Ec.m. = 2.3 and 2.35 MeV should be remeasured, and the
recommended S factor should be multiplied at least by a
factor of 2. Knee [5] measured the reaction cross section
using HPGe detectors for the prompt γ ’s in normal kinematics
using a windowless gas target. The DC was measured in the
range Ec.m. = 1.2–2.32 MeV. For DC into the ground state
an upper limit of S0  0.92 MeV b was found, and for DC
into the first excited state an upper limit of S2  2.45 MeV b
was found. The total nonresonant S factor is given as
SDC  3.37 MeV b.
Most recently, Costantini et al. [6] presented an R-matrix
analysis using previously unpublished data on capture to
the first excited state. They assume the decay through the
first excited state to contribute S2 = 75(10)%SDC at the
astrophysically relevant Ec.m. = 0.3 MeV, and they give a
total S factor at that energy of SDC = 1.9 MeV b. From
Fig. 14 of Ref. [6], the total S factor at Ec.m. = 2.3 MeV is
SDC ≈ 1.7 MeV b.
Due to the low DC cross section and the relatively low
efficiency of germanium detectors at high energies, most
previous measurements of the DC contribution determined
only the S2 capture component through the first excited state
in 20Ne, with the S0 component to the ground state derived
from theory. On the other hand, Ref. [3] measured only
the S0 component. In this work, we present a measurement
of the total DC rate at Ec.m. = 2.26 MeV measured at the
DRAGON recoil separator [7], located at the ISAC facility
at TRIUMF, Vancouver, Canada. A schematic view of the
DRAGON facility is shown in Fig. 2. This specific beam
energy was chosen as it is sufficiently far from the tails
of the higher Jπ = 3− and the lower 0+ resonances for
the DC to dominate the reaction. On the other hand, the
reaction rate at this energy is still high enough to ensure
adequate statistics for determining the branching ratio. An
additional measurement was taken closer to the 3− resonance
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FIG. 1. (Color online) Excitation levels in 20Ne. On the right-hand
side, Gamow windows corresponding to 0.1 and 0.3 GK are indicated.
The red line (second from the top) indicates the energy discussed in
the present work.
to confirm that no resonant contributions remain at this
energy.
The 16O beam was produced by the Supernanogan off-line
ion source [8] and accelerated to 715(1) keV/u. On average,
the beam intensity at the DRAGON target was 9 × 1011 s−1.
The DRAGON windowless gas target was filled with 4He
maintained at a pressure within 3% of 8 Torr. The beam
energy at the target exit was 698 keV/u; the energy range
covered by the target was thus 2.24–2.29 MeV (center of
mass). The DRAGON target is surrounded by an array of 30
BGO (Bismuth Germanate) γ detectors in a tight geometry,
which were calibrated using the 6.13-MeV γ ray emitted by
a 244Cm-13C source. To suppress background, the 20Ne ions
produced in the reaction were detected in coincidence with γ
events in the BGO array, after separation from the beam using
a two-stage electromagnetic separator with an acceptance
of 21 mrad; the maximum cone angle of the 16O(α,γ )20Ne
reaction was 12 mrad. At the focal plane, an ionization
chamber [9] was used to detect 20Ne recoils from the reaction.
FIG. 2. (Color online) Schematic view of the DRAGON facility.
Its segmented anode enables stopping power measurement and
thus particle identification (PID). Figure 3 gives an example of
a PID plot, showing the energy (arbitrary units) deposited in
the second anode versus the energy deposited in the first anode.
The red circles represent all events detected in the ionization
chamber, the blue crosses indicate a coincident γ detection
in the BGO array, and the green line represents a gate on the
data to identify the recoils and eliminate a “leaky” 16O beam.
As an additional PID parameter, the time of flight through
the separator was used to identify valid recoil coincidence
events. A total of 367 20Ne reaction recoils could thus be
identified.
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FIG. 3. (Color online) Ionization chamber PID: energy deposited
in anode 1 vs energy deposited in anode 0 (given in arbitrary units).
The red circles are recoils detected in the ionization chamber, the
blue crosses are recoils in the ionization chamber coincident with a
γ detection at the target, and the green line represents a software gate
used to identify recoil events.
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FIG. 4. (Color online) Simulation of pure S0 (red solid line) and
S2 (blue dashed line). Shown is the maximum detected γ energy.
To determine the beam intensity, regular Faraday cup
readings were taken, and, following the procedure outlined
in Ref. [10], the total number of 16O nuclei on target was
determined to be (181 ± 3) × 1015. Because the separator only
transmits 20Ne recoils of one charge state, determining the
total cross section requires knowledge of the distribution of
charge states of neon passing through helium. This distri-
bution was measured using a beam of 20Ne, also from the
Supernanogan. The reaction measurements were conducted in
charge state 4+, which has a measured charge state fraction
of 25(3)%. When using higher charge states, a decrease in
beam suppression of the separator was observed, due to the
16O beam in a lower charge state being transmitted to the focal
plane.
Since both the separator transmission and the efficiency of
the BGO array depended on the number of γ rays emitted in
the reaction, the ratio of S2/S0 had to be determined. To this
end, GEANT3 simulations were conducted assuming either pure
S0 or pure S2 transitions; the resulting γ -ray spectra are shown
in Fig. 4. The small number of counts in the S2 simulation
at 7 MeV indicates that accidental summing due to both γ ’s
hitting the same BGO is very rare and is accounted for in the
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FIG. 5. (Color online) Maximum detected γ energy: solid line,
measured; dashed line, simulation.
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FIG. 6. (Color online) Comparison of this work to previous
results: The orange dashed-dotted line denoted “C-S” is the total
S factor given in Ref. [6], and the purple dashed line marked “L-S” is
the total S factor from Ref. [2]. The red data points and upper limits
are S0 and S, respectively, taken from Ref. [3]. The blue data points
are the results presented here.
simulation. The BGO detection efficiency for S0 transitions
was 60(2)% and for S2 it was 75(2)%. The resulting simulated
γ spectra were fitted to the measured one. Figure 5 shows the
maximum γ energy detected for each valid recoil event (red
solid line) together with the fitted simulation (blue dashed line).
Note that energies deposited in neighboring detectors were not
summed. The same procedure was applied using such addback
spectra to account for energy lost to escape electrons, and both
methods were found to agree within uncertainties. The S2
contribution to the S factor was found to be 71(4)%. Using
this value, the total efficiency of the DRAGON measurement
could be determined, and the S factor was calculated to be
S = 1.43 ± 0.22 MeV b. From this absolute value and the
ratio of S0 to S2 the two contributions were calculated to
be S0 = 0.42 ± 0.09 MeV b and S2 = 1.02 ± 0.17 MeV b.
This S0 contribution agrees well with the results shown in
Fig. 7 of Ref. [3] for Ec.m. = 2.2 MeV and Ec.m. = 2.3 MeV,
but is larger than the weighted average including lower and
higher energy values derived therein. This average is largely
determined by the value measured at Ec.m. = 2.35 MeV; see
the red data points in Fig. 6. As stated above, Baye and
Descouvemont [4] recommended that S0 at this energy be
remeasured.
The total measured S factor is slightly lower than the one
calculated in Ref. [6], though still within the uncertainties
shown in Fig. 14 of Ref. [6]. A comparison of the S factor
derived in this work and previous literature values is shown in
Fig. 6.
In conclusion, the results presented in this work represent
the first direct measurement of the total S factor and its
components of the DC cross section of the nuclear reaction
16O(α,γ )20Ne. It thus provides an important constraint for
theoretical calculations aiming to extrapolate the S factor to the
astrophysically relevant energy ranges. Further experiments
and data analysis at lower energies are ongoing in order to
facilitate such extrapolations; the results will be published at
a later date.
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